Hydrothermal and sol-gel synthesis methods have been used to prepare nano-particulate hydroxyapatite (HA) powders for detailed characterisation. Bulk elemental analysis data are compared from X-ray diffraction, X-ray fluorescence and Fourier transform infrared spectroscopy. These show the presence of secondary phases in the sol-gel powders which can be attributed to evaporative loss of precursor phosphite phases during specimen preparation and breakdown of the primary HA phase during calcination. Only the primary HA phase is detected in the hydrothermally prepared powder. In addition, Ca/P ratios of each powder are determined at the particle level using transmission electron microscopy with energy dispersive X-ray spectroscopy (TEM-EDX), having first established a threshold electron fluence below which significant electron-beam-induced alteration of the composition of HA does not occur. The TEM-EDX results show a greater compositional variability of particles from the sol-gel preparation route compared to the hydrothermal route. Overall it is the combination of the analysis techniques that shows the hydrothermal synthesis route produces nearstoichiometric, single phase, hydroxyapatite.
Introduction
Hydroxyapatite (HA) forms the main mineral component of bone and teeth. Stoichiometric HA has the composition Ca 10 (PO 4 ) 6 (OH) 2 with a Ca/P ratio of 2.15 by atomic weight and 1.67 by atomic ratio. Naturally occurring HA typically forms nano-metre sized crystallites with a number of cation and anion impurities, for example 2 3 CO  , F -, Na + and Mg 2+ [1, 2] . Within a pH range of 4.2 -8.0 HA is more stable, i.e. less soluble, in aqueous media than alternative calcium phosphate ceramics, such as tricalcium phosphate, TCP (Ca 3 (PO 4 ) 2 ) [2] .
Synthetic HA nano-particles can be produced by a number of techniques and excellent biocompatibility makes it of interest for use in a wide range of biomedical applications [3] [4] [5] . These include tissue scaffolds [6, 7] , tubule infiltration in dentine [8, 9] , implant coatings [10] and as matrices for controlled drug release [11] . By chemically modifying synthetic HA to more closely match the composition of natural HA; it may be possible to gain further improvements in biocompatibility and osteointergration.
There are two principal methods for the synthesis of hydroxyapatite: solid-state synthesis [12] and wet chemical methods. The latter generally offer lower temperature synthesis than solid-state reactions, from component oxides/carbonates, and common wet chemical routes include: precipitation [13] , hydrothermal [14] [15] [16] . And solgel synthesis [3, 17] . This paper compares the physical and chemical properties of nano-particulate powders of HA prepared using a hydrothermal and a sol-gel method. Hydrothermal synthesis is nano-particle preparation route which utilises heat and pressure to initiate reactions of reagents dissolved in water, or organic solvent (solvothermal). This opens up reaction chemistry not accessible under ambient conditions and crystalline HA can be produced without the requirement for post reaction calcination. The method is attractive as it can produce HA nano-particles with minimal or no agglomeration [14] . Sol-gel synthesis offers the potential to achieve effective mixing of the Ca and P precursors in solution and can retain this level of mixing in the gelled sample [3] . The gel contains organic species which can be eliminated by heating the dried gel powder to form crystalline HA, but this calcination process also promotes agglomeration of the primary particles.
In order to obtain an accurate determination of composition of HA powders, and to permit a detailed comparison of different synthesis methods, there is a need to con-sider the most appropriate chemical analysis methods. This paper compares bulk (X-ray diffraction [XRD], Xray fluorescence [XRF] and Fourier transform infrared [FTIR] spectroscopy) and individual particle (energy dispersive X-ray spectroscopy in transmission electron microscopy [TEM-EDX]) characterisation techniques for HA powders produced by the hydrothermal and sol-gel synthesis methods and, for comparison, a powder obtained from a commercial supplier (Sigma-Aldrich). The aim is to determine the synthesis route that produces the most stoichiometric and least variable HA powder and in the process to establish robust characterisation protocols for HA powders (from different sources).
Individual particle characterisation by TEM-EDX enables the compositional variability to be assessed while bulk analysis gives averaged data. However, the composition and structure of HA alters under the high energy electron beam of a TEM; an electron fluence > 10 7 electrons nm -2 at 200 KeV induces a radiolytic damage process involving phosphorus and oxygen loss, amorphisation and eventual re-crystallisation to calcium oxide (CaO). [18, 19] In this study we confirm this behaviour and undertake TEM-EDX analysis below this threshold to assess the compositional variability between particles of the HAs synthesised via hydrothermal, sol-gel, and commercial routes. These particle analyses will be compared to bulk compositions obtained from XRD, XRF and FTIR in order to identify the optimum synthesis route for stoichiometric HA nano-particles.
Experimental

Hydrothermal Synthesis
For the hydrothermal method [14, 16] 4 , Fisher Scientific, analytical reagent grade) (6.603 g) were prepared using distilled water (50 mL), and subsequently diluted further to create 0.10 M solutions. A precipitate was formed by the drop-wise addition of the di-ammonium hydrogen phosphate solution (30 mL) to the calcium nitrate tetrahydrate solution (50 mL), with continuous stirring, to obtain a Ca/P ratio of 1.67 in the mixed solution. The pH of the resulting suspension was ~5.1, however the drop-wise addition of ammonium hydroxide (NH 4 OH) (Sigma-Aldrich, ACS reagent grade) during the mixing phase, allowed the pH to be raised to pH = 11.0. The addition of ammonium hydroxide to the synthesis solution allows for the control of pH, but also has an added benefit of preventing the formation of carbonate during synthesis [1, 20] . An increase of OH -ions in the solution is also known to speed up the transformation rate from amorphous calcium phosphate (ACP) to hydroxyapatite, via a secondary octacalcium phosphate (OCP) phase [21] [22] [23] .
Vigorous stirring of the resulting solution was carried out for a further 10 minutes. The solution was then transferred into a 125 mL Teflon-lined hydrothermal reactor (Model 4748, Parr Instruments) which was then heated at 200˚C for 24 hours. Once air-cooled to room temperature, the particulate product was collected by centrifugation and washed to remove unwanted co-products by re-suspending the powder in distilled water, using ultrasonic agitation, for 5 mins and then sedimenting the particles by means of centrifugation at 6000 rpm for 5 mins. This process was repeated 6 times with a final wash carried out using methanol so as to limit agglomeration in the final dried powder. Drying was carried out in an oven at ~50˚C for ~4 hours [14] .
Sol-Gel Synthesis
Sol-gel synthesis of HA [3, 17] , involved the hydrolysis of triethyl phosphite (C 2 H 5 O) 3 P) (10 mL) (Aldrich, 98%) in distilled water (60 mL). The mixture is sealed immediately with parafilm in a glass beaker and stirred vigorously. After a few minutes, the cloudy solution turns clear to signal the completion of hydrolysis. A stoichiometric amount (Ca/P ratio = 1.67) of calcium nitrate tetrahydrate (Fisher Scientific, reagent grade) (19.683 g) was dissolved in 50 mL anhydrous ethanol, and subsequently added drop-wise into the hydrolyzed phosphite solution, followed by 10 minutes of more vigorous stirring. The resulting solution was clear and subsequently aged at room temperature for 16 -24 hours before drying. The ageing process is crucial in that it allows for the solution system to stabilise such that a monophasic HA can be produced; the time extent can vary depending on the chemical nature of the precursors used [3] . Insufficient ageing can result in weight loss during pyrolysis and the potential for undesired phases, such as CaO, to be observed [3, 24] .
The aged sol was dried using a hot plate: the solvents were driven off at ~60˚C until a viscous liquid formed, which was further dried in an oven at 100˚C for 12 hours. The resulting white gel was ground into a powder with a pestle and mortar. Two samples were prepared by calcining the gel at 500˚C and 700˚C respectively, for 2 hours [3] .
The properties of hydrothermal and sol-gel prepared powders were compared to a commercial hydroxyapatite powder (Sigma-Aldrich, reagent grade).
ter with Cu Kα radiation (λ = 1.5045 Å); 2) X-ray fluorescence (XRF) using a PANalytical Axios-Advanced XRF spectrometer (University of Leicester) with a 4 kW Rhodium anode end window with a super sharp ceramic technology X-Ray tube; 3) FTIR spectroscopy using a Thermo Scientific iS10 FTIR spectrometer with an attenuated total reflection (ATR) accessory, and 4) transmission electron microscopy with energy-dispersive Xray spectroscopy (TEM-EDX).
For the TEM-EDX, samples were examined in a FEI CM200 field emission gun TEM operating at 197 kV and fitted with an Oxford Instruments ultra thin window ISIS energy dispersive X-ray (EDX) spectrometer and a Gatan imaging filter (GIF 200). The Ca and P content (across 100 individual particles per sample) was measured in the TEM by quantification of spot-EDX spectra; the Ca/P ratio, as determined from the ISIS processing software using virtual standards for the Ca and P Kα X-ray peaks, was monitored, at a take-off angle of 20˚ and a specimen tilt angle of 15˚. Following the TEM conditions outlined by Eddisford (2007) [19] , the beam current at a fixed illumination (spot size 8 and largest, 200 μm, condenser aperture) was estimated by using an FEI calibration curve based on the measured brightness (i.e. exposure time) on the (large) fluorescent viewing screen of the TEM: current (in nA) = 4.875/(Exposure time [in seconds] for an emulsion setting of 2.0). Beam currents were then converted to electron fluence rates (number of electrons per unit area per second) and fluence (total number of electrons per unit area) by measuring the area of illumination and the total exposure time respectively. Particle sizes, of 50 particles per sample, were measured using Gatan's Digital Micrograph software.
Results & Discussion
Particle morphology for the four samples is shown by TEM micrographs in Figures 1(a)-(d) . Particle sizes were obtained by measuring, from TEM images, the dimensions of 50 particles per sample and reporting the lengths (Figures 2(a)-(d) ) and aspect ratios (length/width). Commercially supplied HA exhibited elongated particles ≤ 200 nm in length, with the greatest proportion in the 50 -75 nm range; aspect ratios varied from 1.0 to 13.9, with an average of 3.6, Figures 1(a) and 2(a) .
Hydrothermally produced HA particles exhibited a well-defined rod-like morphology with lengths ≤ 300 nm and aspect ratios ranging from 1.8 to 7.8, with an average of 4.0, Figures 1(b) and 2(b) .
Sol-gel derived HA powders possessed a more equiaxed morphology than the other powders (average aspects ratios ≤ 2); sizes were mostly 25 -100 nm with a maximum of ~250 nm. The gel calcined at 500˚C possessed the highest proportion of sub 50 nm particles of any powder, (Figures 1(c) and 2(c) ), aspect ratios varied from 1.0 to 3.2, with an average of 1.7. Increasing the calcination temperature from 500˚C to 700˚C shifted the size distribution to higher values, with some particles reaching 225 -250 nm in length (Figures 1(d) and 2(d) ), aspect ratios varied from 1.0 to 4.0, with an average of 1.7.
Previous studies have led to the assumption that a high pH reduces particle growth due to the increased number of OH − ions in the solution creating surface defects in the preferred plane of growth [22, 25] . An increase in pH, however, has the benefit of preventing the formation of unwanted calcium phosphate phases, such as dicalcium phosphate anhydrate, DCPA (CaHPO 4 ) and dicalcium phosphate dihydrate, DCPD (CaHPO 4 ·(H 2 O) 2 ); these are known to be unstable at pH values greater than 6 -7 and should subsequently convert to the more stable HA phase [26] .
X-ray powder diffraction patterns for all four samples are shown in Figure 3 To confirm this, the commercial powder was subject to calcination for 1 hour at both 700˚C and 800˚C. X-ray powder diffraction patterns for these samples are shown in Figure 3(b) ; it is observed that the onset of decomposition, of HA to β-TCP, began at 700˚C, with a greater amount of β-TCP formed at 800˚C.
The decomposition temperature of HA may be strongly dependent on the particle characteristics and synthesis route for the HA powder [32, 34] . In the present work, the calcium carbonate phase observed in the 500˚C sol-gel sample, which could be due to evaporative losses of the phosphite precursor reagent, would be expected to decompose to calcium oxide at 700˚C. This could explain the absence of CaCO 3 , and presence of CaO, in the 700˚C sol-gel powder [35] .
The presence of carbonate or hydrated secondary phases was also investigated using FTIR, Figure 4 [36, 37] . All four samples exhibited absorption bands at ~3570 cm -1 due to OH stretch; this was most intense in the hydrothermal powder and weakest in the commercial powder. The 500˚C sol-gel sample showed medium absorption bands at 1420 and 1456 cm -1 , attributed to carbonate groups. Very faint bands in this region are also detected in the 700˚C sol-gel and hydrothermal powders.
The remaining bands at lower wavenumber < 1100 cm -1 are due to lattice absorption and have previously been assigned to HA by [38] .
Whilst it is difficult to assign individual bands unambiguously in this low frequency region, the stronger intensity of the ~870 cm -1 band in the sol-gel 500˚C sample may signify the presence of structural carbonate [38] . As already suggested, evaporation of unreacted triethyl phosphite from the sol or gel could constitute to the presence of CaCO 3 in the 500˚C sol-gel powder, however carbonate could also form in a partially decomposed solgel system due to interaction between the inorganic product (HA) and the organic decomposition vapours (CO 2 -rich). In addition, the formation of an interfacial CaCO 3 phase could occur as a result of interaction of the nano-HA with atmospheric CO 2 during storage in air and this might explain the low levels detected in the 700˚C sol-gel and hydrothermal powders. The TEM-EDX method allows compositional analysis to be carried out on individual particles, providing valuable information on fine-scale compositional homogeneity within a sample. The TEM-EDX method allows compositional analysis to be carried out on individual particles, providing valuable information on fine-scale compositional homogeneity within a sample. However it is important to ensure that the sample is not subjected to an electron beam so intense that damage occurs and erroneous levels of Ca and P are detected. Therefore, a series of prior experiments were undertaken to establish the optimal electron fluence for obtaining reliable data. The electron fluence can be controlled using a condenser aperture, spot size and exposure time. To determine a threshold-fluence, whereby accurate and representative compositional data can be obtained by EDX without significant damage to the samples, two experiments were carried out using the commercial HA powder (Sigma-Aldrich, reagent grade) expanding on the method in [19] . First, a series of spot EDX measurements of different, small, particle clusters were made across the fluence range ~10 5 -10 9 e nm -2 (by changing fluence and fluence rate) and the spectra quantified to obtain Ca/P ratios (Figure 5(a) and [27] ).
Secondly, spot EDX measurements were taken across a single cluster of particles, at a fixed irradiation area, to really isolate the effects of increasing fluence at a fixed fluence rate (10 5 e nm -2 ·s -1
) on the Ca/P ratio ( Figure  5(b) ). Figure 5(a) shows that the Ca/P ratio remains stable up to ~10 7 e nm -2 ; beyond this point the Ca/P ratio rises and specimen alteration is observed (images not shown here). Prolonged irradiation of a single area of particles (Figure 5(b) ) demonstrates a progressive rise in the Ca/P ratio (1.45 to 1.65) up to a final fluence of 10 8 e nm -2 . The TEM-EDX analysis of all HA samples here forth uses a maximum threshold fluence of 10 7 e nm -2 to gather Ca/P ratios for 100 particles of each HA powder. The Ca/P ratios calculated from EDX peak ratios for 100 particles, when working below the threshold fluence for irradiation damage (10 7 e nm -2 ) are shown in Figure  6(a)-(d) and Table 1 . The Sigma Aldrich powder displayed the least variability in particle Ca/P ratio, but the average Ca/P ratio was only 1.45 (standard deviation, S.D. = 0.16), significantly below the stoichiometric target of 1.67, but in agreement with previous reports [19] . The hydrothermal powder showed similar consistency in inter-particle Ca/P ratios, but the average Ca/P ratio, 1.61 (S.D. = 0.17), was in closer agreement with the stoichiometric target. Both sol-gel powders displayed a greater variability between particles, average Ca/P ratios were 1.72 for 500˚C and 1.65 for 700˚C, with standard deviations of 0.38 and 0.35 respectively. Figures 6(c) and (d) indicate that this was mainly due to a few particles with extreme Ca/P ratios, 3 -4.5; this may be due to an overlap of more calcium rich phases; CaCO 3 in the 500˚C sample and CaO in the 700˚C sample. This high level of variability within a small percentage of particles contrasts to the other "in-house" powder, as none of the 100 particles in the hydrothermal sample had a Ca/P ratio > 2.
Ca/P ratios measured in bulk using XRF by a commercial laboratory are compared to those from TEM-EDX in Table 1 . The XRF data confirms the low Ca/P ratio for the Sigma Aldrich powder, 1.45 by EDX compared to 1.5 by XRF. The XRF average values of Ca/P ratio for the 'in-house' powders were in agreement with the TEM-EDX data, as the XRF values were each within the range of one standard deviation of the average TEM-EDX value (standard deviations for the XRF powders were not reported by the commercial XRF facility). Overall, the results show that elemental analysis at the particle level is a valuable tool in assessing hydroxyapatite nanopowders. Table 1 , however neither the Sigma-Aldrich or hydrothermal HA powders contain particles with a Ca/P ratio 2.
The technique of measuring individual particle Ca/P ratios, at controlled electron fluence, showed that the hydrothermally synthesised powder produced a consistent, single phase powder with "bulk" Ca/P ratio in close agreement with the value for stoichiometric hydroxyapatite, 1.67. By contrast the sol-gel produced powders are shown to be least uniform in Ca/P ratio, each containing a small percentage of Ca-rich particles. This may be linked to volatility of the phosphite precursor reagent during processing. A Ca-deficient composition was identified in the commercial powder, with Ca/P = ~1.5.
The need for careful consideration of the electron fluence in TEM-EDX analysis of HA has been demonstrated. Levels of compositional variability revealed by particle to particle quantification of the Ca/P ratio, at controlled electron fluence (≤10 7 e nm -2 ), are essential to collecting reliable analytical data and avoid radiolytic damage. This measurement is a valuable addition to the more typical characterisation methods employed for HA analysis.
This type of TEM-EDX analysis will be particularly useful for assessing the homogeneity of synthetic HAs that have been chemically modified to more closely match the composition of natural HA to gain further improvements in biocompatibility and osteointergration.
The work also demonstrates the importance of applying a combination of analytical techniques (XRD, FTIR, TEM-EDX and XRF) to adequately characterise nano hydroxyapatite powders. Individual techniques identified secondary phases in the sol-gel powders that would have an important bearing on the performance of this powder in applications such as tissue scaffolds.
Conclusions
Two solution-based techniques for the preparation of nano-particulate HA have been presented: hydrothermal and sol-gel synthesis routes. The physical and chemical properties of the powders have been compared to a commercial HA powder using a range of techniques. Hydrothermal synthesis produced single phase HA of needle-like nano-particles, the growth and morphological variation of which is restricted with the increased addition of ammonium hydroxide. The sol-gel synthesis method produced HA nano-particles which were a mixture of equiaxed and rod-like particles. A low-fluence TEM-EDX technique has been demonstrated, which is able to highlight particle to particle compositional variability. Hydrothermally produced HA had a near-stoichiometric Ca/P content; TEM-EDX revealed an average Ca/P ratio of 1.61 (S.D. = 0.17), with no detection of Ca-rich particles. The sol-gel method produced particles for which TEM-EDX, at the particle level, indicated average Ca/P ratios in close agreement with the stoichiometric target, 1.67. However a small, but significant, fraction of particles with much higher Ca/P ratios were detected. The sol-gel powders displayed average Ca/P ratios of 1.72 for 500˚C (S.D. = 0.38) and 1.65 for 700˚C (S.D. = 0.35). The commercial powder displayed a similar level of compositional consistency to the hydrothermal "in-house" sample, but the powder was deficient in calcium with a Ca/P ratio of only 1.45 (S.D. = 0.16).
